Objective. Etanercept is a soluble fusion protein designed to inhibit tumor necrosis factor (TNF). During the Wegener's Granulomatosis Etanercept Trial (WGET), a placebo-controlled trial of etanercept given in addition to standard therapy for remission induction and maintenance, more solid malignancies were observed in the etanercept group than in the group treated with standard therapy alone. This study was undertaken to further explore the potential association between anti-TNF therapy and the development of malignancy in these patients.
stantial reported experience of the combined use of etanercept and cyclophosphamide in the treatment of WG, indicate that the combination of TNF inhibition and cyclophosphamide may heighten the risk of cancer beyond that observed with cyclophosphamide alone.
Tumor necrosis factor (TNF) inhibition now plays a major role in the treatment of several inflammatory conditions, particularly forms of inflammatory arthritis, psoriasis, and Crohn's disease (1) (2) (3) (4) (5) . The term "tumor necrosis factor" was derived from the molecule's ability to kill transplanted tumors in mice (6) . Thus, a theoretical concern has been that TNF inhibition might lead to an excess of malignancies through several mechanisms, such as permitting tumors to arise de novo with greater frequency, diminishing immunosurveillance for subclinical tumors, and accelerating the growth of established tumors.
To date, the concern about an increased potential for cancer among patients treated with TNF inhibitors has centered primarily around lymphomas (7) (8) (9) . Compared with the National Institutes of Health Surveillance Epidemiology and End Results (SEER) database (10), the standardized incidence ratios for the development of lymphoma have ranged from 2.3 to 6.4 in clinical trials of TNF inhibitors (11) . In 2004, the Food and Drug Administration began requiring that a warning about a possible increased risk of lymphoma be included in the prescribing information (labels) of the 3 currently available TNF inhibitors, etanercept (Enbrel), infliximab (Remicade), and adalimumab (Humira).
In addition to the concern about lymphoma risk, case reports and publications of small case series have described potential associations between TNF inhibitor treatment and a variety of other malignancies, including leukemia (12, 13) , T cell lymphoma (14) , squamous cell carcinoma of the skin (15, 16) , and Kaposi's sarcoma (17) . In general, interpretation of the significance of these results has been hampered by several factors: the relatively isolated nature of such reports, the usual presence of other risk factors for the development of malignancies (e.g., the concomitant use of other immunosuppressive agents or, in the case of squamous cell carcinoma of the skin, histories of substantial sun exposure), or the potentially higher risk of malignancy conferred by underlying disease, such as rheumatoid arthritis (RA).
The Wegener's Granulomatosis Etanercept Trial (WGET) (18) was a randomized, double-blind, placebocontrolled trial of etanercept added to standard therapy for the induction and maintenance of disease remission.
Details of the trial design and the overall trial results have been reported previously (18) (19) (20) . Members of the WGET Research Group are listed in Appendix A. The WGET was the first trial of relatively large size in which substantial numbers of patients were treated simultaneously with cyclophosphamide and a TNF inhibitor. Because solid malignancies were found to occur at higher frequency in the group treated with etanercept in addition to standard therapy, we investigated these cases in greater detail and examined more closely the potential association between TNF inhibition and malignancy.
PATIENTS AND METHODS
The WGET was conducted to test the hypothesis that etanercept, a soluble inhibitor of TNF, was more effective than placebo in the maintenance of disease remission. The experimental medication (etanercept or placebo) was initiated along with conventional therapy, at a dose of 25 mg administered subcutaneously twice weekly, at the start of the remission induction phase. The experimental medication (provided by Amgen Corporation, Thousand Oaks, CA) was then continued during remission as conventional therapy was tapered (19) . The primary outcome measure in the WGET was maintenance of disease remission (i.e., a Birmingham Vasculitis Activity Score for WG [21] of 0 for 6 months) with the experimental medication. A total of 180 patients with active WG (either newly diagnosed or recurrent) were enrolled and followed up for a median of 27 months. All patients stopped the experimental medication on a common closeout date, followed by a 6-month observation period during which they were treated according to best medical judgment. Patients with either severe or limited WG were eligible for the trial. Malignancy within the previous 5 years was an exclusion criterion, with the exception of basal or squamous cell carcinomas of the skin for which patients had undergone curative surgery (19) . The treatment schema is shown in Figure 1 .
Severe disease. Severe WG was defined as disease that posed an immediate threat to the patient's life or to the function of a vital organ (19, 21) . Patients with severe WG began cyclophosphamide at an initial dosage of 2 mg/kg/day (adjusted for renal dysfunction [19] ) and prednisone at 0.5-1 mg/kg/day. At the start of therapy, methylprednisolone (1 gm/day for 3 days) could also be administered at the investigator's discretion. Tapering of the prednisone dosage was started after 1 month, with the goal of discontinuing prednisone within 6 months of randomization.
Limited disease. Limited disease, which did not pose a threat to either life or vital organ function at the time of enrollment, was treated with methotrexate (0.25 mg/kg/week, increased over 2 weeks to a maximum of 25 mg/week) and glucocorticoids. Patients with limited disease did not receive methylprednisolone pulses, but their glucocorticoid regimens were otherwise identical to those of patients with severe disease.
Tapering of immunosuppressive treatment regimens. Patients in whom disease remission was achieved after a minimum of 3 months of cyclophosphamide treatment discon-tinued that medication and started methotrexate (maximum dose 25 mg/week). Patients with serum creatinine levels Ն2.0 mg/dl were treated with azathioprine (2 mg/kg/day, up to a maximum of 200 mg/day) instead of methotrexate during the remission maintenance phase. After 1 year of remission, methotrexate and azathioprine were tapered by 2.5 mg/month and 25 mg/month, respectively, with the goal of discontinuing both medications completely.
Data collection. At enrollment, detailed medical histories, which included questions relevant to the risk of malignancy, were obtained on all patients. Disease characteristics, treatment history, and specific medical history items were recorded on a baseline medical history form. Information about the duration of use and maximum dosage of all medications used to treat WG was recorded, as were data on family history and on patient history of malignancy and tobacco and alcohol use.
Reporting of adverse events. All adverse events (graded according to a modified version of the National Cancer Institute Graded Toxicity Scale [22] ) were recorded in adverse events logs. Adverse events of grade 3 or higher, corresponding to the categories of severe, life-threatening, or fatal, were reported within 24 hours, on separate forms for serious adverse events.
Confirmation of malignancies. Histopathologic diagnoses of solid malignancies were confirmed in all cases by reviewing reports of the original biopsies. For patients who died and underwent autopsies, postmortem reports were also reviewed. Comparisons between treatment groups were limited to events observed during the blinded treatment trial because these data were less likely to be influenced by observer bias and knowledge of prior results regarding the incidence of cancer during the trial.
Statistical analysis. Analyses were performed using SAS version 8.0 (SAS Institute, Cary, NC). Differences in patient characteristics between the 2 treatment groups were evaluated by Wilcoxon's rank sum test for continuous variables, and by either chi-square or Fisher's exact test for 
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STONE ET AL categorical variables. The incidence rate for malignancies was calculated by dividing the number of events by the total patient-years of observation. The standardized incidence ratio ([observed/expected cases] ϫ 100) for the solid malignancies observed was calculated by comparison of the incidence rate in the etanercept group with the age-and sex-specific incidence rate in the SEER database (10) ; this database includes all invasive cancers plus urinary bladder cancer and breast carcinoma in situ.
RESULTS
Solid malignancies during experimental treatment. During the period of experimental treatment, 6 solid malignancies were observed in the etanercept group, compared with 0 in the control group (P ϭ 0.01). All patients who developed a malignancy while receiving experimental treatment also received cyclophosphamide as therapy for WG during the trial. Among the 62 patients assigned initially to receive etanercept and cyclophosphamide, therefore, 9.7% developed solid malignancies over a median followup of just over 2 years. The essential features of these 6 patients who developed malignancies are shown in Table 1 . Brief case vignettes are provided below.
Patient 1. Patient 1, a 60-year-old man, was diagnosed as having WG and enrolled in the WGET following presentation with constitutional symptoms, pulmonary nodules, a hilar mass, glomerulonephritis, and antineutrophil cytoplasmic antibodies directed against proteinase 3. His condition responded dramatically to the institution of WG treatment, and the disease entered remission. A followup computed tomography (CT) scan revealed resolution of the pulmonary findings (lung nodules, hilar mass) that had been present at baseline. Nine months after randomization, the patient presented with new scapular pain and right upper quadrant pain. Evaluation revealed hepatic lesions suspicious for metastatic cancer. Adenocarcinoma of unknown primary was diagnosed on liver biopsy. The experimental medication (etanercept) was stopped. The patient declined treatment for his malignancy and died 1 month later. A postmortem examination revealed adenocarcinoma of the gallbladder, metastatic to the liver, bone, and lungs.
Patient 2. Patient 2, a 51-year-old woman with severe WG, was enrolled in the WGET and received 9 months of etanercept plus cyclophosphamide therapy before switching to a remission maintenance regimen of etanercept plus methotrexate. Thirteen months after randomization she reported periumbilical pain. A CT scan of the abdomen revealed a 2.9-cm mass within the upper pole of the right kidney. The patient underwent a partial nephrectomy. Histopathologic analysis showed a renal cell carcinoma confined to the renal capsule. The patient's experimental medication (etanercept) was discontinued following the diagnosis of her malignancy, and the methotrexate dosage was reduced. Thirty months after her tumor resection, the patient remained tumor-free.
Patient 3. Patient 3, a 73-year-old man, had undergone resection of a left arm liposarcoma 10 years before enrollment. Following his diagnosis of WG, characterized by multiple pulmonary nodules, sinus disease, livedo reticularis, and episcleritis, the patient was enrolled in the WGET. He received 3 months of etanercept plus cyclophosphamide therapy before switching to etanercept plus azathioprine. Five months after enrollment, the patient noted a mass on his left arm at the site of his previous liposarcoma. Biopsy confirmed a recurrence of malignancy, and he was treated with wide resection of the tumor. The patient's experimental medication (etanercept) was discontinued, but he continued to take azathioprine and low-dose prednisone. His current status is not known.
Patient 4. Patient 4, a 65-year-old woman with severe WG, was enrolled in the WGET. Rapid control of her disease was achieved with cyclophosphamide, glucocorticoids, and etanercept. After 6 months of etanercept plus cyclophosphamide treatment, the treatment was switched to etanercept plus azathioprine for remission maintenance. Thirty months after enrollment, the patient was noted to have a microcytic anemia. At colonoscopy, a 5-cm mass at the proximal ascending colon was detected. Biopsy revealed a moderately differentiated mucinous adenocarcinoma. The experimental medication (etanercept) was discontinued, and the patient underwent resection of the tumor. At surgery, the cancer was found to have extended through the muscularis propria into the pericolonic soft tissue. Three of 24 lymph nodes were positive for tumor. The patient began chemotherapy for her adenocarcinoma (G2N1T3) of the colon. Of note, the patient had undergone a screening colonoscopy, with normal results, just prior to WGET enrollment.
Patient 5. Patient 5, a 55-year-old woman with a 35 pack-year smoking history, had been enrolled in the WGET when she presented with a recurrence of WG marked by pulmonary disease despite methotrexate treatment. Thirty-one months after randomization, following the detection of a breast lump, the patient was diagnosed as having a poorly differentiated, infiltrating ductal carcinoma. Her experimental medication (etan- 1612 STONE ET AL ercept) was discontinued. She underwent lumpectomy and axillary lymph node dissection, and the carcinoma was found to have spread to the regional lymph nodes (staging: G3T2N1). The patient experienced multiple complications of chemotherapy and died of cardiac arrest. Patient 6. Patient 6, a 62-year-old woman with a longstanding history of WG, was enrolled in the WGET when she presented with worsening skin lesions, new large-joint migratory arthralgias, mouth ulcers, and microscopic hematuria. Prior to WGET enrollment, treatment for active disease had included a 240-day course of cyclophosphamide. Seventeen months after enrollment, the patient developed a microcytic anemia. Colonoscopy and biopsies revealed 3 separate mucinous adenocarcinomas in the ascending colon. The experimental medication (etanercept) was discontinued, and the patient underwent a right hemicolectomy. The areas of malignancy were contained, and no additional treatment was required.
Solid malignancies during followup. Solid malignancies were detected in 3 additional patients during the 6-month observation period after the blinded treatment trial (Table 1) . A grade 4 adenocarcinoma of the prostate was diagnosed in a 70-year-old man who had been in the etanercept group, a cholangiocarcinoma was diagnosed in a 73-year-old woman who had been treated with placebo, and a metastatic renal cell carcinoma was diagnosed in a 45-year-old man originally assigned to the placebo group who had discontinued experimental therapy because of 2 severe flares and then received infliximab off-label for 14 months prior to his cancer diagnosis.
Other types of malignancy. No hematopoietic malignancies were observed during the WGET. There was no difference between treatment groups in the occurrence of cutaneous basal or squamous cell carcinomas (3 patients in the etanercept group, 3 in the placebo group). One patient in the etanercept group had 2 separate diagnoses of basal cell carcinomas ϳ4 months apart.
Baseline demographic characteristics and risk factors for malignancy. The demographic features of the etanercept and control groups at enrollment are shown in Table 2 . The groups were not different at baseline with regard to sex distribution, disease severity, personal or family history of cancer, or tobacco and alcohol use. Patients in the etanercept group were older (mean Ϯ SD age 52.4 Ϯ 13.9 years versus 47.5 Ϯ 16.5 years; P ϭ 0.01) and less likely to be newly diagnosed (31 [34. 8%] versus 49 [53.9%]; P ϭ 0.01) than those in the control group. Patients who developed solid malignancies during the trial were older than patients who did not (mean age 61 years versus 50 years; P ϭ 0.05) and older at the time their WG symptoms initially began (mean 59 years versus 45 years; P ϭ 0.03). Other demographic and WG disease characteristics were similar among patients who developed solid malignancies and those who did not (Table 3) . 
SOLID MALIGNANCIES AMONG ETANERCEPT-TREATED WG PATIENTS
Treatment before WGET enrollment. The patients' immunosuppressive treatment histories both before WGET enrollment and during the trial are shown in Table 4 . There was no significant difference between the groups in the percentages of patients who had received cyclophosphamide before trial enrollment (78.7% of the etanercept-treated patients versus 68.1% of the placebo-treated patients; P ϭ 0.11). There were also no significant differences in the percentages of patients who had ever received daily cyclophosphamide (74.2% versus 65.9% in the etanercept and the placebo groups, respectively; P ϭ 0.23), the mean duration of daily cyclophosphamide therapy (60 days versus 73 days, respectively; P ϭ 0.30), or the maximum daily cyclophosphamide dosage (140.2 mg versus 151.5 mg, respectively; P ϭ 0.28). Similarly, there were no significant differences between the 2 groups in the use of methotrexate or azathioprine before trial enrollment. There were also no differences in the percentage of patients treated with cyclophosphamide, methotrexate, or azathioprine between the group of patients who were diagnosed as having solid malignancies during the trial and those who were not (Table 3) .
Treatment during the WGET. Among the patients randomized to receive etanercept, the median duration of treatment with that medication was 25 months (interquartile range 12-33 months). There were no significant differences in the percentages of patients treated with cyclophosphamide during the trial (76.4% in the etanercept group, 80.2% in the placebo group; P ϭ 0.54), the median time of treatment with cyclophosphamide (6 months in both groups), or the cumulative cyclophosphamide dose (19 gm versus 18 gm; P ϭ 0.90). There were also no significant differences in the use of either methotrexate or azathioprine during the trial (Table 4) .
Comparison with SEER database. Based on a comparison of the age-and sex-specific incidence rate for solid malignancies in the SEER database, 1.92 solid malignancies would have been expected in the etaner- cept group, whereas 6 occurred (standardized incidence ratio 3.12 [95% confidence interval 1.15-6.80]; P ϭ 0.014).
DISCUSSION
In the WGET, 6 of the 89 patients randomized to receive etanercept (7%) developed solid malignancies over a median followup period of just over 2 years, during which time no solid malignancies occurred in the placebo group. In the 6-month observation period that followed the cessation of experimental treatment, 2 additional solid malignancies were diagnosed in patients who had received treatment with a TNF inhibitor, and 1 was observed in a patient who had not received TNF inhibition treatment. Of note, all 6 of the patients with solid malignancies detected during the trial and 8 of the 9 patients overall who developed solid malignancies were also treated with cyclophosphamide during the trial. These results suggest that the combination of TNF inhibition and cyclophosphamide may heighten the risk of cancer beyond the risk observed with cyclophosphamide treatment alone. The WGET is the first trial in which a substantial number of patients were treated with both TNF inhibition and cyclophosphamide. Although the absolute number of patients who developed solid malignancies in this trial is small, Table 3 for other definitions). † Start and end dates for treatment are not precise. Start date is the date of the previous visit for the first form indicating that treatment had been received since the previous visit. End date is the form date for the last consecutive form indicating that treatment had been received since the previous visit. Treatment may not have been received continuously between visits. ‡ Patients with missing dose at any visit have missing cumulative dose data.
SOLID MALIGNANCIES AMONG ETANERCEPT-TREATED WG PATIENTScurrent understanding of the biology of TNF suggests that these findings warrant further exploration. A significant body of literature supports the concept that TNF is active against some forms of cancer. In the 1970s, Carswell et al recognized that the treatment of mice with lipopolysaccharide and BCG led to the production of "tumor necrosis factor," an endogenous molecule that induced tumor cell death in a variety of in vitro and mouse models (6) . Experimental evidence of an antitumor effect of TNF led to the systemic administration of this cytokine for the treatment of advanced solid tumors (23) (24) (25) (26) (27) . The activity of TNF against tumors in laboratory models, and potentially in humans as well, raises the possibility that inhibition of this cytokine might potentiate the clinical risk of malignancy.
The possible association between TNF inhibition and lymphoma has received considerable scrutiny (8, 9) . The incidence of non-Hodgkin's lymphoma in randomized controlled trials of TNF inhibitors was compared with the number of lymphomas reported in the NIH SEER database, yielding standardized incidence ratios of 2.3-3.5 for etanercept, 6.4 for infliximab, and 5.5 for adalimumab (11) . Analyses of the true nature of the reported associations between TNF inhibitors and lymphoma, however, have been hampered by a variety of confounding factors. Patients with RA appear to have an underlying predisposition to lymphoma development (7) , and this predisposition is greater among patients with higher levels of disease activity-precisely the group that receives TNF inhibitors. Moreover, some medications used to treat RA, particularly methotrexate, are also believed to increase the risk of lymphoma (28) . Nevertheless, the labels of the 3 anti-TNF agents on the market all bear warnings about a potentially increased risk (up to severalfold) for the development of lymphoma.
Our study has a number of important strengths. First, the trial provided longitudinal followup of the largest cohort of patients with WG studied in a clinical trial to date. Second, the data on the occurrence of malignancy were collected during a blinded clinical trial. An audit of trial data did not reveal any additional solid malignancies (Amgen Corporation: unpublished data). Third, these data represent by far the largest report of the simultaneous use of TNF inhibition and cyclophosphamide treatment.
It is therefore not surprising that the potential relationship between TNF inhibition, concomitant cyclophosphamide use, and malignancy has not been recognized previously. As illustrated by the recent findings of a relationship between cyclooxygenase 2 inhibition and adverse cardiovascular events (29) , the system of voluntary reporting of postmarketing adverse events is reasonably effective at detecting rare events, but less so for detecting relatively common ones (30) . Because most of the solid malignancies observed in the WGET are common types of cancer, it is conceivable that any increased risk of such tumors among patients taking TNF inhibitors might be difficult to detect. This is particularly true for the combination of TNF inhibitors and other medications known to increase the risk of cancer. Outside the context of a randomized trial that involved careful comparison of a group that received etanercept and one that received standard therapy alone, the observed association between etanercept and solid malignancies would probably have been overlooked.
Our study also has potential weaknesses. Interpretation of the increased number of malignancies in the etanercept group during the WGET is complicated by potential confounders. First, owing to chance in the process of randomization, patients in the etanercept group were 4.9 years older on average than those in the placebo group. Second, patients in the etanercept group were also less likely to have newly diagnosed WG at the time of trial enrollment, and therefore their risk of cancer could conceivably have been influenced by treatment prior to enrollment in the WGET. Third, there have been reports that WG itself, like RA, may be associated with an increased risk of cancer (31) (32) (33) (34) (35) . After accounting for patient age and sex in a comparison with the SEER database, however, the standardized incidence ratio for the development of solid malignancy was found to be significantly elevated in the etanercept group (3.12) . Moreover, although patients in the etanercept group were less likely to be newly diagnosed as having WG, their history of cyclophosphamide exposure both before and during the WGET was not different from that of patients in the placebo group. Finally, because patients in both the etanercept and the placebo groups had diagnoses of WG, any increased risk of malignancy associated with that diagnosis would be irrelevant for the purpose of this analysis.
The findings in this study have several potential implications, even though the number of malignancies observed-still relatively small-precludes definitive conclusions on any relationship between TNF inhibition treatment, cyclophosphamide treatment, and the development of malignancy. In patients with inflammatory disease, prescription of medications off-label, and of 1616 STONE ET AL combinations of treatments that have not been tested adequately in clinical trials, is not uncommon. The observation of an increased risk of solid malignancies among patients in the etanercept group raises a cautionary flag, particularly with regard to the combination of TNF inhibition and cyclophosphamide. These findings are particularly relevant, for example, to patients with systemic lupus erythematosus, many of whom have been treated with cyclophosphamide in the past. The findings are also pertinent to patients with rheumatoid vasculitis, who often receive cyclophosphamide and who may also be treated with TNF inhibitors. Finally, this report emphasizes the importance of long-term followup of patients treated with TNF inhibition and concomitant immunosuppressive medications. It is conceivable that the combination of cyclophosphamide and TNF inhibition accelerates a process of oncogenesis that may be recognized only over the longer term in patients treated with TNF inhibition alone. To date, no concerns about solid malignancies developing after long-term therapy have emerged from longitudinally studied TNF inhibitor-treated cohorts, but data sets on patients treated for years with these approaches remain small compared with the total number of patients treated for any period of time.
In conclusion, data from the WGET, the first substantial reported experience of the combined use of etanercept and cyclophosphamide, indicate that the combination of TNF inhibition and cyclophosphamide may heighten the risk of cancer beyond that observed with cyclophosphamide alone. The addition of TNF inhibitors to potent immunosuppressive treatment regimens may increase the risk of solid tumors. These findings should be considered in the design of future studies and in decisions regarding off-label use of TNF inhibition.
